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ABSTRACT
During their violent merger, two neutron stars can shed a few percent of their mass. As this ejecta
expands, it collides with the surrounding interstellar gas, producing a slowly-fading radio flare that
lasts for years. Radio flares uniquely probe the neutron star merger populations as many events
from past decades could still be detectable. Nonetheless, no radio flare observation has been reported
to date. Here we show that the radio transient FIRST J1419+3940, first observed in 1993 and still
detectable, likely originated from a neutron star merger. We carry out numerical simulations of neutron
star merger ejecta to demonstrate that the observed radio light curve is well reproduced by a merger
model with astrophysically expected parameters. We find that a neutron star merger model is a priori
more likely and provides a better fit to the data than the alternative explanation—the afterglow of an
off-axis long gamma-ray burst. Near-future observations could unambiguously establish to the FIRST
J1419+3940 radio transient’s origin. We show that existing radio surveys likely already recorded
multiple radio flares, informing us of the origin and properties of neutrons tar mergers and their role
in the nucleosynthesis of the heaviest elements in the Universe.
Keywords: radio flare, neutron star merger
1. INTRODUCTION
The multi-messenger discovery of neutron star merger
GW170817 presented a remarkable lineup of emission
processes expected from such mergers (Abbott et al.
2017a). The gravitational wave signal showed that the
neutron stars’ masses and merger rate are consistent
with expectations (Abbott et al. 2017b); gamma-ray ob-
servations confirmed that neutron star mergers produce
short gamma-ray bursts (GRBs; Abbott et al. 2017c);
while the observed optical kilonova was produced by an
ejecta with mass and velocity largely in line with theo-
retical predictions (Valenti et al. 2017; Evans et al. 2017;
Kasliwal et al. 2017; Cowperthwaite et al. 2017).
A notable exception has been a radio transient ex-
pected from the interaction of the kilonova ejecta with
the surrounding interstellar medium (Nakar & Piran
2011; see Fig. 1). Such emission, which we will refer to
as a radio flare, is emitted isotropically and can last for
years after the merger, making it a promising target for
follow-up observations (Hotokezaka et al. 2016; Bartos
et al. 2019). However, the radio flux strongly depends on
the density of the interstellar medium, and detection is
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challenging at the low densities of n ∼ 10−4 cm−3 found
for GW170817 (Lamb et al. 2019; Margutti et al. 2018).
Radio flares from neutron star mergers thus remain an
outstanding possibility yet to be discovered, not just for
GW170817 but for any merger. A successful observation
requires a nearby event within . 200 Mpc (Hotokezaka
et al. 2016), much closer than short GRBs identified
so far other than GW170817 (albeit this could be due
to selection effects (Bartos et al. 2019; Gupte & Bartos
2018)), and a circum-merger density of & 10−2 cm−3,
greater than the density for GW170817 and many other
short GRBs (Fong et al. 2015).
FIRST J141918.9+394036 (hereafter J1419+3940) is
a decades-long radio transient identified in a galaxy
87 Mpc away from Earth (Law et al. 2018). It was
first found by Ofek (2017) using the Very Large Ar-
ray’s (VLA) Faint Images of the Radio Sky at Twenty-
Centimeters (FIRST) survey (Becker et al. 1995). Ofek
searched for persistent radio-luminous sources in nearby
galaxies in order to find long-term counterparts of fast
radio bursts. The transient nature of J1419+3940 was
later discovered by Law et al. (2018) using data from
the NRAO-Very Large Array Sky Survey (Condon et al.
1998). Based on its radio light curve observed over 23
years, the high star formation rate of its host galaxy
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Figure 1. Illustration of radio emission from a neutron star merger. During the merger, some neutron star matter gets ejected
dynamically or through winds. This ejecta interacts with the interstellar gas, producing a years-long radio flare.
and the lack of a detected GRB counterpart, Law et al.
(2018) explained the event as the afterglow of an off-
axis long-duration GRB, i.e. one that is beamed away
from Earth. They further suggested that the emission
could be produced by a young magnetar. However, this
latter possibility turned out to be inconsistent with the
observed large source size (Marcote et al. 2019a).
In this paper we investigated whether the observed ra-
dio emission from J1419+3940 is consistent with a neu-
tron star merger origin, and whether a merger origin is
a more likely explanation for the transient than a GRB
afterglow. Section 2 below presents the method used
in this work, while Section 3 discusses our results. We
conclude in Section 4.
2. METHODS
2.1. Radio Observations
We adopted the collected radio observations of Law et
al.Law et al. (2018) (see their Table 2.), and in addition
the observation of Marcote et al. (2019b) with the Eu-
ropean VLBI Network. These observations have been
carried out at a variety of radio frequencies. For the
easier interpretation of the results, we converted the ob-
served fluxes to their expected values at either 0.3 GHz,
1.4 GHz and 3 GHz. All observations had a frequency
close to one of these three values. Each result was con-
verted to the closest of these three frequencies by as-
suming that the flux scales with frequency as ν−(p−1)/2,
where p is the power-law index of the distribution of the
accelerated electrons’ Lorentz factors, which we take to
be p = 2.5 (Piran et al. 2013). The measured fluxes and
upper limits as functions of time are shown in Fig. 2.
2.2. Radio Flare Emission Model
We modeled the radio emission from the interaction
of neutron star merger ejecta and the circum-merger
medium following the prescription of Piran et al. (2013).
We assumed that a neutron star merger isotropically
ejects mass M0 due to dynamical and wind effects. We
model the outflow to have a velocity distribution follow-
ing a broken power-law with peak velocity v0 ≈ 0.2 ,
and power-law indices α1 ≈ 5 and α2 ≈ −10 for ve-
locities below and above the peak, respectively. This
velocity distribution is similar to those obtained in nu-
merical simulations of the merger process (Ferna´ndez
et al. 2017). Here, c is the speed of light.
As the ejecta collects mass from the circum-merger
medium, it decelerates. The total mass M(R) of the
ejecta plus the accumulated circum-merger matter, the
radial distance R of the accumulated mass from the
merger remnant, and the mass’ expansion velocity β are
connected through (Piran et al. 2013)
M(R)(βc)2 ≈ E(≥ β). (1)
The interaction of this accumulated mass and the
surrounding gas produces electromagnetic radiation
through synchrotron emission. The luminosity of
this radiation depends on two synchrotron frequencies,
namely, the typical electron synchrotron frequency
νm(t) ≈ 1 GHz · n
1
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Here, t is time since the merger, n is the density of the
circum-merger medium, and B and e are the fractions
of the total internal energy of the shocked gas carried
by the magnetic fields and electrons. We adopted the
notation Xa ≡ X/10a.
In our simulation at every time point we calculate the
relation of νm(t) and νa(t) to the observed frequency
3νobs, as this relation affects the expected luminosity (see
Table 2. in Piran et al. 2013). The three frequencies
at which we have observed data are 0.3, 1.4, 3 GHz, and
the luminosity can be calculated by applying the specific
scaling factor with two synchrotron frequencies (see Fig-
ure 4. in Piran et al. 2013). For observed frequencies
1.4 GHz and 3 GHz, we found that νobs > νa, while for
observations at 0.3 GHz for the majority of the observ-
ing interval νobs < νa, except for the first ∼ 5 years.
We found that the self-absorption frequency is always
greater than the typical electron synchrotron frequency.
For the cases in which νobs > νa, the observed flux is
Fobs = Fm(t) ·
(
νobs
νm(t)
)− p−12
, (4)
where
Fm(t) ≈ 500µJyR(t)317n3/2−1 β(t)1d−227 (5)
If νobs = 0.3 GHz is smaller than the self-absorption
frequency, the flux before the peak can be approximated
as
Fobs,t<tpeak ≈ Fm(t) · νm(t)
p−1
2 νa(t)
−3(p+4)(5p−7)
10(3p−2) ν
32p−47
5(3p−2)
obs ,
(6)
or
Fobs,t<tpeak ≈ Fm(t) ·
(
νa(t)
νm(t)
)− p−12
·
(
νobs
νa(t)
)− 52
. (7)
The late time behavior at 0.3 GHz after the peak will be
similar to that at the other two frequencies.
2.3. Detection probability estimation
Here we consider the a priori detection probabil-
ity of a neutron star merger and of a off-axis long-
GRB afterglow with the strategy that uncovered FIRST
J1419+3940. We used the detection threshold of 4 mJy
for of the FIRST survey at 1.4 GHz (see Law et al. 2018).
We additionally considered the source rate, and how
long a given event would produce a flux above 4 mJy.
Finally, we took into account that the original identi-
fication by Ofek (2017) was made by correlating radio
sources with galaxies within a catalog out to 108 Mpc.
We accounted for the limited completeness of the galaxy
catalog used in the original identification.
We adopted a neutron star merger rate of RNS =
900+2940−790 Gpc
−3yr−1 at ∼ 90% confidence level (we ob-
tained the expected value by averaging the four dif-
ferent analyses discussed in Section VII.C of Abbott
et al. 2019). To determine how long a radio flare
from a neutron star merger can be detected with flux
> 4 mJy, we carried out Monte Carlo simulations in
which we randomly generated neutron star mergers
within dmax = 108 Mpc using uniform volumetric dis-
tribution. For each merger we randomly selected an
ejecta mass within [10−2M, 10−1M] and ejecta veloc-
ity within 0.1c− 0.2c, using independent uniform dis-
tributions. For each neutron star merger, we randomly
drew a circum-merger density from the distribution of
reconstructed densities for short GRBs (see Fig. top left
in Fong et al. 2015). We averaged over these events to
obtain 〈∆t〉 = 1.1 yr. We additionally took into account
that the FIRST survey covered about fFIRST ∼ 25%
fraction of the sky, that the Karl G. Jansky Very Large
Array sky survey (VLASS) used by Ofek (2017) cov-
ered about fVLASS ∼ 50% fraction of the sky, and that
the galaxy sample used in the study had a completeness
of fgalaxy ∼ 30% out to the covered dmax = 108 Mpc.
With these factors the expected number of neutron star
merger radio flares detected by the survey is
NNS = 4
3
pid3maxRNS 〈∆t〉 fFIRST fVLASS fgalaxy, (8)
which gives us NNS = 0.2+0.64−0.17.
For comparison we adopted here the relevant estimate
of the long GRB afterglow detection rate here from Law
et al. (2018). They considered RGRB ∼ 60 Gpc−3yr−1
(see also Wanderman & Piran 2010; Goldstein et al.
2016) and 〈∆t〉 = 2000 days. Using Eq. 8, these give
NGRB = 0.06, which is likely significantly lower than
the a priori neutron star merger probability.
2.4. Model comparison
In order to compare whether a neutron star merger
radio flare or an off-axis afterglow model is a better ex-
planation of the observations, we calculated the reduced
chi-square statistic
χ2r =
1
ν
∑
i
(Oi − Ei)2
σi
, (9)
where ν = n−m is the degree of freedom with n and m
being the number of observations and number of model
parameters, respectively, Oi and is the observed radio
flux, σi is the 1σ error of the observation, and Ei is the
expected radio flux from the model. The number of data
points is 21 for the radio flare model and 20 for the after-
glow model. The latter is one less because we took into
account one additional observation that became avail-
able only after Law et al. (2018) was published. In these
datasets, we also used the obtained upper limits. These
were assumed to contribute zero χ2 error if Oi ≥ Ei.
For Oi < Ei, we assumed that Oi = 0 and σi based on
the upper limit’s confidence level. The number of model
parameters are 8 and 7 for the radio flare and afterglow
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models, respectively. For simplicity we assumed that
these parameters are independent. Possible correlation
between them could reduce the effective degree of free-
dom of the models, however, this correlation is similar
for the two models, therefore their relative goodness of
fit is not affected.
We obtained χ2r values of 7.5 and 37 for the radio
flare and afterglow models, respectively. The difference
is about a factor of five, indicating that the radio flare
model is a significantly better explanation of the data.
Looking at the contributions of individual data points
to χ2r , we find that most of the error for the afterglow
model comes from the second 1.4 GHz datapoint, ob-
served in 1994. This is due to the difficulty of the off-
axis afterglow model to fit the three early, high-flux ob-
servations at 1.4 GHz which show a continuous fading,
while off-axis afterglows produce a double peaked struc-
ture in the early phase. The observed steady decay at
1.4 GHz could be consistent with the afterglow of an
on-axis gamma-ray bursts, in which case the single jet
pointing towards the Earth produces the observed ra-
diation. However, such a scenario is ruled out by the
stringent 0.3 GHz upper limit observed in 1993.
2.5. Illustris Galaxy Sample
IllustrisTNG is a cosmological hydrodynamical sim-
ulation that uses a comprehensive galaxy formation
model (Pillepich et al. 2018; Weinberger et al. 2017) to
make self-consistent predictions for galactic stellar mass
buildup within galaxies. The model itself is tuned to
match a number of observational constraints including
the galaxy stellar mass function and cosmic star forma-
tion rate density (Vogelsberger et al. 2013; Torrey et al.
2014). One result from the IllustrisTNG simulation is
star formation rate histories for all simulated systems.
Since the overall stellar mass buildup in these simula-
tions matches stellar mass functions across a broad red-
shift range, the star formation histories are likely reflec-
tive of the real Universe.
For our delay time distribution, we assumed a power
law form with a cut-off time before which no neu-
tron star mergers occur. We adopted the power law
from Naiman et al. (2018) with an exponential slope
of γ = −1.12 taken to match the observed SNIa delay
time distribution (Maoz et al. 2012). We used a cut-off
time of 100 Myr as a fiducial value (Safarzadeh & Berger
2019).
2.6. Detection rate estimation using the VLASS survey
We carried out a similar Monte Carlo simulation
of neutron star mergers as described above for the
case of epoch 1 of the VLASS survey, which has al-
ready been completed. The detection threshold for this
survey is 120µJy (adopted from VLASS; Lacy et al.
2019). We considered a maximum source distance of
dmax = 0.5 Gpc, assumed that a complete galaxy cata-
log is available or can be completed (Bartos et al. 2015)
(fgalaxy = 1), and took the survey’s sky coverage to be
fVLASS = 0.8 (Lacy et al. 2019). With these parameters
we obtained 〈∆t〉 = 0.3 yr. Considering a neutron star
merger rate of NNS = 900+2940−790 , we found that 110+350−96
neutron star mergers are expected to have been detected
by VLASS during its first epoch.
This detection, however, is not sufficient by itself to
establish the origin of these radio sources. Therefore,
we extended our Monte Carlo simulations to include a
second observing time for all neutron star mergers and
computed the number of events that can be established
as transient radio sources using the VLASS epoch 1 ob-
servation and a second observation. Taking the second
observation to be VLASS epoch 2, which was taken to
occur 32 months after epoch 1 and have the same sensi-
tivity of 120µJy, we found that only 2.5+8.2−2.3 neutron star
mergers will appear as transients, making this strategy
risky. Therefore, we considered a targeted VLA follow-
up of radio sources, with observations taking place dur-
ing the summer of 2021, and assuming a sensitivity of
3µJy (Bartos et al. 2019). We found that such a tar-
geted follow-up will be able to establish 17+56−15 radio sig-
nals to have originated from neutron star mergers.
3. RESULTS
3.1. Radio light curves
We examined an alternative explanation in which the
radio transient was the result of a neutron star merger.
We simulated the expected radio flux due to the inter-
action between the interstellar medium and the ejecta
arising from a neutron star merger. We tested a range of
source parameters, and found the ones that best match
the data by minimizing its least-squares error using gra-
dient descent. We obtained our best fit for ejecta mass
M0 = 0.005 M and characteristic velocity v0 ≈ 0.3c,
circum-merger density n = 5 cm−3, for a merger that
occurred in 1993. Our model also fit the fraction (Pi-
ran et al. 2013) of the kinetic energy in the shocked gas
carried by electrons (e) and magnetic fields (B), for
which we found B ≈ e ≈ 0.2. Finally, we considered
the ejecta mass to have a velocity distributed around its
characteristic value following a broken power-law distri-
bution. We found power-law indices α1 ≈ 5 below the
peak and a sharp cutoff α2 ≈ −10 above the peak, in
line with numerical simulations (Ferna´ndez et al. 2017).
The obtained radio light curves in comparison to obser-
vations are shown in Fig. 2. We used three different
radio bands, 0.3 GHz, 1.4 GHz and 3 GHz, where ob-
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Figure 2. Observational data for FIRST J1419+3940 and
best fit radio light curves. The solid lines show our best fit for
a neutron star merger ejecta model for 0.3 GHz (a), 1.4 GHz
(b) and 3 GHz (c) radio frequencies. For comparison we show
the best fit model of Law et al. (2018) who assumed that the
source is an off-axis GRB afterglow (dashed line). The inset
shows the early emission period at 1.4 GHz, indicating that
radio emission steadily decreased with time, as expected from
a neutron star merger scenario. The double-peaked fit for
off-axis GRB afterglows less-adequately explains the data.
The late temporal decay of the radio flux is characteristic of
our expectations from the neutron star merger (F ∝ t−1.7),
compared to the shallower decay from afterglows (F ∝ t−1).
servations were available. Observations with close but
different frequencies were scaled to these values. We see
that the fit closely follows the data for all three radio
frequencies and all times.
3.2. Fit comparison
In order to assess whether a neutron star merger or
an off-axis long-GRB afterglow model is a better fit on
the data, we used their reduced chi-square statistic as a
measure of goodness of fit. We found that our merger
model produces a significantly better fit with an order
of magnitude lower reduced chi-square value. The ori-
gin of the excess error for the off-axis long-GRB af-
terglow model is due to its reduced accuracy for the
early phase of the emission, encompassing the initial
three data points at 1.4 GHz. This initial two-year pe-
riod saw high-luminosity emission well-described by a
steady decay of the luminosity (see inset in Fig. 2).
The three data points during this period essentially fall
on a straight line. This is consistent with expectations
from the neutron star merger model. However, in the
case of off-axis long GRB afterglows, we expect the ra-
dio light curve to feature two peaks. This is due to the
two relativistic jets that leave the GRB’s central engine
in opposite directions. In off-axis afterglows, both jets
point away from the Earth, but with different inclina-
tions. The jet with the smaller angular offset from Earth
(∼ 30◦ in the model of Law et al. (2018)) produces the
first radio peak, while the second peak is due to the
other jet. We found that this double-peaked model is
less accurate in explaining the early radio flux than the
spherical emission expected for neutron star mergers.
A second observable difference between the two mod-
els comes from their predicted late time temporal de-
cay. The long GRB afterglow radio light curve is ex-
pected to flatten after about a year, when the bulk of the
shock-accelerated electrons in the outflow become non-
relativistic (Sironi & Giannios 2013; Law et al. 2018).
This results in a deep Newtonian temporal decay of the
radio flux F ∝ t−1. In contrast, we found that for the
neutron star merger case the bulk of shock-accelerated
electrons remains ultra-relativistic until about 40 yr af-
ter the merger. This corresponds to a temporal decay
of the flux F ∝ t−1.7. This latter decay seem to be the
case for the observed flux of FIRST J1419+3940.
Near-future follow-up observations can further clarify
the origin of FIRST J1419+3940. Given the expected
differences in the temporal decay of the radio flux for
the neutron star and afterglow models, the predicted
flux difference for an observation during the summer
of 2021 is around 500µJ for the radio frequencies con-
sidered here, which is beyond the uncertainty expected
from the power-law decay fit on the 2009-2018 observa-
tions. Therefore, we find that one additional observation
in the summer of 2021 with a sensitive observatory such
as VLA can substantially strengthen our confidence in
the origin of FIRST J1419+3940.
3.3. A priori detection probabilities
As an alternative probe of the source’s possible ori-
gin, we computed the expected number of neutron star
merger detections by the same analysis that identified
FIRST J1419+3940. Taking into account the limita-
tions of this identification, including sky coverage, the
incomplete galaxy catalog, and the rate density of neu-
tron star mergers (Abbott et al. 2019), we found that
the expected number of radio flares in the same analysis
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wasNNS = 0.2+0.64−0.17. For comparison, the same expected
number for long GRB afterglow, as estimated by Law
et al. (2018), is NGRB = 0.06. We conclude that the a
priori probability of the signal originating from a neu-
tron star merger is higher than for long GRBs, further
supporting the merger origin of FIRST J1419+3940.
3.4. Host Galaxy
We examined what information the host galaxy
of FIRST J1419+3940 carries of its origin. FIRST
J1419+3940 was detected in a dwarf galaxy, SDSS
J141918.81+394035.8 (Abolfathi et al. 2018). The
galaxy has an estimated stellar mass of ∼ 2 × 107 M,
and a star formation rate of ∼ 0.1 Myr−1. Neutron
star mergers are typically expected to occur in more
massive galaxies as the merger rate is primarily corre-
lated to stellar mass due to the often long delay between
star formation and binary merger (Berger 2014; Artale
et al. 2019). However, the original identification of the
source is biased as Ofek (2017) searched for low-mass,
star-forming galaxies. This introduces a selection effect
that is difficult to account for. Therefore, here we sim-
ply assessed whether similar galaxies are non-negligible
sources of neutron star mergers. We computed the ex-
pected merger rate in the IllustrisTNG cosmological
simulation (Springel et al. 2018; Nelson et al. 2019).
We adopted the star-formation rate histories from the
IllustrisTNG simulation and convolved them with an as-
sumed delay time distribution to calculate neutron star
merger rates. We evaluated the neutron star merger
rate across the entire simulated volume, and used this
to determine the fraction of neutron star merger events
that occur within galaxies of interest for this paper.
Considering galaxies with stellar mass < 108 M, we
found that ∼ 1% of neutron star mergers are expected
to occur in such galaxies. We concluded that, while
most neutron star mergers will occur in massive galax-
ies, small galaxies represent a non-negligible source type,
and therefore the observed host galaxy is consistent with
a neutron star merger origin.
3.5. Near-future detection of similar events
Ongoing radio surveys have superior sensitivity and
sky coverage compared to the FIRST survey (Lacy et al.
2019). Consequently, our results indicate that many ad-
ditional neutron star mergers may already be present
in survey data and could be recovered in the near fu-
ture. To quantify this possibility, we estimated the ex-
pected number of radio flares from neutron star merg-
ers in the Karl G. Jansky Very Large Array Sky Sur-
vey (VLASS; Lacy et al. 2019), a highly sensitive sur-
vey with its first epoch completed. We carried out a
similar Monte Carlo simulation of neutron star merg-
ers in the local universe within a maximum source dis-
tance of 0.5 Gpc, adopting a neutron star merger rate
of RNS = 900+2940−790 Gpc−3yr−1, and a survey sensitivity
of 120µJy (Lacy et al. 2019). We predict that VLASS’
first epoch recordedNNS = 110+350−96 radio remnants from
neutron star mergers, which can be identified with ap-
propriate downselection and follow-up observations.
4. CONCLUSION
Observing radio flares will deliver a wealth of informa-
tion about the origin and physics of neutron star merg-
ers. Radio localization can identify the host galaxy and
the merger’s position within it, deciphering the age of
the stellar population, the formation channel of the bi-
nary, or displacement due to natal kicks in supernova
explosions (Metzger 2017). In the case of J1419+3940,
its distance from the galactic center suggests that the
origin was an isolated binary system, while its location
within a dwarf galaxy implies a low natal kick velocity.
Additionally, recovering the properties of the ejecta
mass and velocity enables us to constrain the neu-
tron star’s masses, the properties of matter at supranu-
clear densities—the so-called equation of state, and the
neutron-star origin of heavy elements in the Universe.
For the case of J1419+3940, we find that the ejecta
properties are typical for dynamical ejecta in the merger
of two with neutron stars with roughly equal masses
(Radice et al. 2018; Bauswein et al. 2013). For compari-
son, the first neutron star merger detected through grav-
itational waves—GW170817 (Abbott et al. 2017b), had
a higher dynamical ejecta mass of & 2× 10−2 M, sug-
gesting unequal neutron star masses (Siegel 2019). The
relative masses for the other neutron star merger dis-
covered through gravitational waves, GW190425 (Ab-
bott et al. 2020), is also unclear. Equal-mass bina-
ries are more common based on detected systems in the
Milky Way (Lattimer 2019), therefore J1419+3940 may
be more representative of the binary population than
GW170817.
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